Abstract-In this paper, the electrical design of the water-edgecooled single-disk chemical-vapor-deposited-diamond window for the 120-GHz 1-MW gyrotron has been carried out using the CST Microwave Studio. The return loss (S 11 ) and transmission loss (S 21 ) of the 120-GHz gyrotron window have been obtained as −37.3 dB and −0.04 dB, respectively. The thermal analysis of the RF window for the 1-MW gyrotron has also been carried out using ANSYS software and discussed in this paper. The thermal analysis of the window, during extreme case of operation, has been carried out. The temperature range on the disk surface has been found to be 50
Design of Single-Disk RF Window for High-Power Gyrotron
I. INTRODUCTION
G YROTRON IS a high-power microwave tube, which emits coherent radiation at approximately the electron cyclotron frequency or its harmonics. Gyrotron is widely used in plasma fusions, ECRH heating, industrial heating, and material processing. The need for high-power high-frequency RF sources for the magnetic fusion research experiments has provided much of the impetus for the development of present-day gyro oscillators. From the last three decades, gyrotron oscillators have played a key role in magnetic fusion experiments. Magnetic confined plasma fusion is the most important application of the gyrotron oscillator as a high-power high-frequency RF source [1] , [2] . The requirement of this special device is increasing with demands for more and more power at high frequency. Therefore, research in this type of fast wave tube, particularly gyrotron, becomes important from both the Indian point of view as well as the global scenario. The RF windows are the most critical components of microwave tubes, which are used as a microwave penetrable barrier between the vacuum and a transmission line and also used for fusion tours application. This system separates the ultrahigh vacuum environment inside the tube against the air. The waveguide-type microwave windows are generally preferred for high-power microwave tubes due to their capacity for handling high peak power. The desired features of an ideal window are minimum reflection, minimum insertion loss, high power handling capability, wide bandwidth, excellent mechanical strength, and high thermal conductivity. The types of window have been suggested in the literature for high-power millimeter-wave applications, and in gyrotrons, these are the single disk with edge cooling, single disk with surface cooling by gas, and double disk with surface cooling by liquid [3] . For high-power gyrotrons, advanced materials such as sapphire, chemical vapor deposited (CVD) diamond, silicon nitride composite, BeO, Au-doped silicon, etc., have to be used [4] . The CVD diamond, sapphire, or other dielectricbased high-power window operates at more than 100 GHz and is capable of handling an average power of 1 up to 2 MW.
II. ELECTRICAL DESIGN
The window diameter of 90 mm, disk thickness of 2.2 mm, and length of the circular waveguide of 70 mm have been used for the design of the single-disk CVD window at 120 GHz. The design of the single-disk CVD-diamond window has been carried out using CST Microwave Studio [5] . The disk was built into an assembly in which two Inconel tubes were bonded on both sides of the plate to provide vacuum shielding and water cooling to the edge of the disk, leaving an effective window aperture of 90 mm. It will be shown that, as a result of the high thermal conductivity and low dielectric loss exhibited by this grade of CVD diamond, the temperature increase of the window due to the absorption of high-power millimeter-wave radiation could be minimized by simple water edge cooling at room temperature. Fig. 1 shows the schematic diagram of the edge-cooled window for high-power gyrotron. Fig. 2 shows the model of the single-disk RF window used in this analysis. Table I shows the electrical design parameters of the singledisk window for the 120-GHz gyrotron. Thumm [6] has given two empirical parameters, namely, failure resistance (R 1 ) and 0093-3813/$31.00 © 2012 IEEE RF power capacity (P T ), for edge-cooled windows. Failure resistance and RF power capacity are defined as follows:
where k is the thermal conductivity, σ B is the bending strength, ν is Poisson's number, E is Young's modulus, and α is the thermal expansion coefficient, and
where ρ is the density, c p is the specific heat, ε r is the permittivity, and tan δ is the loss tangent. These two equations have been used to calculate the failure resistance and RF power transmission capacity of the edge-cooled window at room temperature. For a 1-MW CW millimeter-wave window, the parameters R and P T should exceed 250 and 100, respectively. The comparison of R and P T for the different materials BN and sapphire clearly shows that there is no chance to use these dielectrics as an edge-cooled single-disk CW window at room temperatures. The CVD-diamond window can be used for the 1-MW gyrotron due to high thermal conductivity and low dielectric loss. Table II shows the materials properties used for the electrical and thermal design of the RF window. The conventional edge-cooled window is not cooled in the main section of the window. The heat absorbed in the center is conducted away in the radial direction and is finally removed by forced convection at the edge of the disk after it has passed through a physical high vacuum seal. 
III. THERMAL DESIGN
The aim of the thermal analysis is to assess the temperature distribution, axial stress, radial stress, and thermal expansions in the RF window for the 120-GHz gyrotron during extreme case of operation, i.e., at saturation. ANSYS finite-element code v.11.1 has been used for the 3-D analysis of the singledisk RF window [7] . A transient thermal analysis has been used to determine the temperature distribution as a function of time.
The analysis of the edge-cooled disk can be approximated by a disk which is insulated on its two faces and cooled on its edge only at the same location that the mounting boundary conditions are applied. The input parameters are material property, coolant property, heat flux, film coefficient, and bulk temperature. The input parameters of the window have been shown in Table III . The cooling channel has been designed around the window outside surface for proper cooling of the window. The coolant flow rate of 5 to 15 L/min has been used in the simulation. The structural analysis has been used to determine the displacements and stresses in the window caused by heat loads. The material properties required for structural analysis are the Young's modulus, Poisson's ratio, and coefficient of thermal expansion. The finite-element stress analysis of the RF window has been performed on the inner disk. This disk has higher pressure loading due to the internal vacuum of the gyrotron tube. The 3-D stress analysis indicates that the double disk is operating close to its maximum stress level. The largest stress contribution comes from the mechanical loading of the disks by the coolant pressure. The large tensile stresses are compensated to a limited extent by the thermal stresses which arise during gyrotron operation. The maximum radial tensile stress of 152 MPa occurs near the window. The maximum compressive stress is 250 MPa. Fig. 3 shows the mesh geometry of the RF window using ANSYS. The output results of the temperature distributions and different stresses on some typical parts have been obtained from the ANSYS v.11.1 software. From these results, it is clear that the deformations in the parts are within the safe limit under the operating condition. The RF window optimized design allows low heat loads in the ceramic and, consequently, low temperature increase and low stresses [8] .
The subsequent thermal stresses do not deteriorate it. The water-edge-cooled CVD-diamond window provides a practical technical solution for the transmission of continuous millimeter-wave transmission in excess of 1 MW. The actual heat transfer at the edge can be quite complicated, with some cooling from forced convection of the element and some by conduction into the sealing structure.
IV. RESULTS AND DISCUSSION
The return loss (S 11 ) and transmission loss (S 21 ) of the 120-GHz single-disk window have been obtained as −37.3 and Fig. 4 shows the return loss performance of the single-disk 120-GHz window. The thermal and structural analyses have been carried out for the estimation of temperature distributions and resulting stress developed on the various components under the saturation condition. The variation of the temperature on the disk has been obtained when the applied input power is 1.5 MW. Table IV shows the displacements and stresses at some critical parts of the assembly when the film coefficient is 15 kW · m −2 · K −1 . Fig. 5 shows the temperature profile on the CVD window disk varying disk diameter. In the simulation, the heat generation rate in the window was adjusted at each time step to account for the temperature dependence of loss tangent. Table V shows the temperature distributions obtained at different dielectric loss and heat flux. Fig. 6 shows the transient response of the singledisk RF window. Fig. 7 shows the temperature distributions on the CVD disk window for different heat flux. During the transmission of a Gaussian beam for 1-MW power, the temperature increases at the center of the window.
V. CONCLUSION
The design of the 120-GHz-gyrotron single-disk window has been carried out using CST Microwave Studio. The thermal and structural analyses of the RF window for the 120-GHz gyrotron have been carried out using ANSYS code. In the presented design, the temperature on the ceramic disk of the RF window did not exceed 200
• C and was found in safe limit. In conclusion, it has been established that available RF window designs are capable of handling the thermal and the mechanical loading in a 1-MW gyrotron. 
